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Abstract
The electron^electron double resonance (ELDOR) method was applied to measure the dipole interaction between
cytochrome (Cyt) b559 and the primary acceptor quinone (Q
3
A), observed at g = 2.0045 with the peak to peak width of about
9 G, in Photosystem II (PS II) in which the non-heme Fe2 was substituted by Zn2. The paramagnetic centers of Cyt
b559Y
c
DQ
3
A were trapped by illumination at 273 K for 8 min, followed by dark adaptation for 3 min and freezing into 77 K.
The distance between the pair Cyt b559-Q
3
A was estimated from the dipole interaction constant fitted to the observed ELDOR
time profile to be 40 þ 1 Aî . In the membrane oriented PS II particles the angle between the vector from QA to Cyt b559 and the
membrane normal was determined to be 80 þ 5‡. The position of Cyt b559 relative to QA suggests that the heme plane is
located on the stromal side of the thylakoid membrane. ELDOR was not observed for Cyt b559 Y
c
D spin pair, suggesting the
distance between them is more than 50 Aî . ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Some model structures of the D1/D2 complex of
Photosystem II (PS II) reaction center were derived
from the crystal structures of the reaction centers of
purple bacteria [1], based on the similarities between
the primary structures of the D1 and D2 subunits in
PS II and the L and M subunits in purple bacteria
[2]. However, the structure on the donor side of PS II
is di¡erent from that of purple bacteria, since the
well-known oxidized tyrosine and Mn cluster are
the electron transfer components instead of four cy-
tochrome in purple bacteria [3,4]. Furthermore, pur-
ple bacteria have no analogs of the subunits with
cytochrome b559 (Cyt b559) in PS II.
Cyt b559 consists of K (9 kDa) and L (4.5 kDa)
subunits, and a heme that combines these subunits.
Each subunit provides one histidine residue, as li-
gands to the heme [5]. At a low temperature
(6 100 K) where the normal electron transfer inhib-
ited, Cyt b559 is photooxidized by P680 through
ChlZ, the accessory chlorophyll [6] or carotenoid [7]
in PS II. Although Cyt b559 does not play a de¢nite
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role in the major electron transfer reactions, it has
been invoked to a key role in numerous side reac-
tions, most often in cyclic electron transfer around
PS II [8^10]. Therefore, the elucidation of the posi-
tion of Cyt b559 will be necessary to clarify the
unique electron transfer mechanism of PS II in high-
er plants.
Because of di⁄culty in growing single crystals of
PS II, distances between the redox-active compo-
nents in PS II reaction center and their relative posi-
tions have been estimated by EPR studies instead of
X-ray crystallography. The distance between P680
and Q3A in PS II was estimated to be 27 Aî by using
the pulsed EPR measurement of a photo-induced
spin polarized radical pair [11]. The location of YD
was estimated to be 20 Aî and 36 Aî away from the
inner and outer thylakoid membrane surfaces, re-
spectively, from EPR measurement of spin lattice
relaxation time [12]. The distance between YZ and
the non-heme Fe2 in PS II was also estimated to
be 37 þ 5 Aî by a similar EPR measurement and sym-
metric locations of YD and YZ to the non-heme Fe2
was suggested [13]. Furthermore, the location of
ChlZ in PS II was found to be at approximately
equal distances from both lumenal and stromal pro-
tein surfaces and to be 39.5 þ 2.5 Aî from the non-
heme Fe2 by using the same method [14].
The distance between ChlZ and YD was deter-
mined to be 29 Aî by pulsed EPR [15]. The distance
of the Mn-cluster from YD was estimated by EL-
DOR [16,17] to be 27 Aî and that from YZ by pulsed
ENDOR [18]. The distance between YD and YZ was
estimated to be 29^30 Aî by using the ‘2+1’ electron
spin echo (ESE) [19]. Although the distances between
several pairs of paramagnetic electron transfer com-
ponents have been determined so far one by one, the
knowledge on con¢gurations of these electron trans-
fer components as a whole is necessary to elucidate
the electron transfer mechanism in PS II.
We can detect selectively the magnetic dipole in-
teraction between paramagnetic species and estimate
the distance between the species by using ELDOR or
‘2+1’ ESE. It employs a sequence of three m.w.
pulses with similar carrier frequencies and is useful
when the EPR transitions of the paramagnetic cen-
ters can be e⁄ciently excited by the pulses. This im-
plies that the EPR spectra of the studied pair must
be reasonably narrow (of the order of 1^2 mT) and
overlapping [19^21]. However, an ELDOR method
has been successfully applied to the pair of spins of
the Mn-cluster in the S2 multiline state with a broad
line width and the YcD with the narrow line width
[16,17].
We have not yet observed ELDOR and ‘2+1’ ESE
for the pair Cyt b559 and Y
c
D so far in [16,17,19],
although the Cyt b559 signals have always overlapped
with YcD. The magnetic dipole interaction between
the electron spin of the heme Fe3 of Cyt b559 and
YcD may be too weak for their ELDOR to be observ-
able because of the larger distance between Cyt b559
and YcD in the donor side. However, there may be a
possibility of detecting the magnetic dipole interac-
tion between Cyt b559 and Q
3
A, a component in the
acceptor side. Q3A EPR signal can be observed only
below 8 K at g = 1.65, g = 1.82 and g = 1.90 with a
broad width caused by exchange coupling with the
non-heme Fe2 in untreated or Tris-treated PS II
particles [22]. A sharp Q3A EPR signal without the
exchange interaction with the non-heme Fe2 can be
measured at g = 2.0045 by depletion of the non-heme
Fe2 [23] or cyanide treatment [24]. In the Fe2-de-
pleted PS II, the distance from YD to QA was deter-
mined to be 39 Aî [15] and the orientation of the
distance vector relative to the membrane normal
was determined to be 13‡ in the oriented membranes
[25]. High concentration (s 300 mM) of cyanide
converts the non-heme Fe2 from the high (S = 2)
to a low (S = 0) spin state [24]. However, this treat-
ment may a¡ect the spin state of the heme of Cyt
b559. Therefore, we performed Fe2-depletion and
Zn2-substitution of PS II to detect the dipole inter-
action between Cyt b559^Q
3
A spin pair and to deter-
mine the interspin distance and its orientation by
ELDOR method.
2. Experimental methods
2.1. Samples
PS II membranes were prepared by the method of
Kuwabara and Murata [26]. PS II reaction center
core complexes (PSIIRC) were prepared by removing
the light harvesting complex II as described by Gha-
notakis et al. [27]. Tris-treatment was performed by
incubating PSIIRC in 0.8 M Tris^HCl (pH 8.8),
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0.4 M sucrose, 10 mM NaCl, and 10 mM EDTA at
0‡C for 30 min. Depletion of the non-heme iron was
carried out using a modi¢cation of the method of
Klimov et al. [23]. Fe2-depleted Tris-treated
PSIIRC (3Fe2-PSIIRC) was prepared by incubat-
ing Tris-treated PSIIRC in 10 mM Tris^HCl (pH
7.5), 0.6 M LiClO4, 2.5 mM o-phenanthroline and
protease inhibitor PMSF (100 WM) at 0‡C for 2 h,
followed by dialysis against 10 mM Tris^HCl (pH
7.5), 50 mM NaCl, 10 WM EDTA and 100 WM
PMSF at 0‡C for 12 h. Zn2-substituted Tris-treated
PSIIRC (Zn2-PSIIRC) was prepared by incubating
3Fe2-PSIIRC in 0.4 mM ZnSO4, 10 mM
CH3COONa (pH 5.5), 0.6 M LiClO4 and 100 WM
PMSF at 0‡C for 12 h, followed by dialysis against
10 mM CH3COONa (pH 5.5), 50 mM NaCl and
100 WM PMSF at 0‡C for 12 h. The concentrations
of the reaction centers of our samples (Tris-PSIIRC,
3Fe2-PSIIRC and Zn2-PSIIRC) were determined
by those of Cyt b559. One PS II reaction center
(2 pheo a) in the samples has one Cyt b559 as shown
in [28,29]. The concentrations of Cyt b559 and pheo a
were determined from reduced minus oxidized di¡er-
ence spectra of pyridine hemochromogen and ab-
sorption spectra of HPLC, as described in [29]. All
samples were washed ¢nally with a solution of
50 mM Mes (pH 6.5), 10 mM NaCl and 5 mM
CaCl2. The samples of about the concentration
5 mg Chl/ml were inserted into Suprasil tubes of
4-mm inner diameter.
The Zn2-PSIIRC samples were oriented on mylar
sheets by £owing nitrogen gas of 90% humidity at
4‡C for 16 h for measurement of orientation depen-
dence of ELDOR signals. Under these treatments the
Cyt b559 in these samples showed the low-potential
forms (Em =V250 mV). The mylar sheets coated by
the oriented membranes were cut into 3U20-mm2
pieces and ¢ve or six pieces of sheets were loaded
into the sample tubes.
Illumination of the samples was done by a 500 W
tungsten^halogen lamp through an 8-cm thick water
¢lter for 8 min and then dark-adapted for 3 min at
0‡C, before trapping of Q3A radical in liquid nitrogen.
2.2. EPR measurements
The ELDOR measurements were performed on a
pulsed EPR spectrometer ESP-380 (Bruker) using a
three-pulses sequence. A HP83752B synthesized sig-
nal source (Hewlett Packard) was used as the second
m.w. frequency source. The output of this source was
fed into 1 kW TWT ampli¢er through a m.w. pulse
former unit of ESP 380 (Bruker) microwave bridge
giving the second pulse in the pulse sequence. The
spectrometer was equipped with a cylindrical dielec-
tric cavity (ER4117DHQH, Bruker) and a helium
gas £ow system (CF935, Oxford Instruments). The
measurement temperature was 4 K and microwave
pulses of 16, 24 and 24 ns duration were used. The
m.w. magnetic ¢eld amplitude, H1, in three pulses
was set to provide the spin rotation angles of 90‡,
180‡ and 180‡, respectively, as shown in Fig. 1.
The cw EPR measurement was carried out on a
Varian E-109 X-band EPR spectrometer equipped
with a TE102 rectangular cavity at 77 K by using a
¢nger-type insertion dewar to observe the signal due
to trapped Q3A.
2.3. Analysis of ELDOR spectra
In the ELDOR method the spin system is excited
by three m.w. pulses. The ¢rst and third pulses, sep-
arated by a time interval d, form the primary ESE
signal of one of the spin species. The second pulse,
separated from the ¢rst one by the time interval dP
(9d), changes spin projections of the other radical
spins from |K> to |L> and vice versa. If the magnetic
dipole interaction between the pairwise-distributed
radicals is remarkable, £ip of one of the spins
changes the local magnetic ¢eld at its partner in
the pair. As a result, the magnetization after the
third pulse cannot be completely refocused at the
time 2d and the amplitude of the primary ESE signal
exhibits the dependence on the second pulse position
(i.e., dP) (see Fig. 1). The following expression de-
scribes this dependence [17,20]:
Vd ; d 0O13p13cos2ZDd 0 d 09d ; 09 p9 1
1
where
D  D0133cos2a  2
D0 is the dipole interaction constant between the two
spins. a is the angle between the external magnetic
¢eld and the vector joining the two spins. p is a ratio
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of excitation corresponding to the amplitude of os-
cillation.
The time pro¢le of ELDOR was ¢tted to Eq. 1 by
averaging over all orientations of a and P for non-
oriented membranes [16,17], and the dipole interac-
tion constant D0 was estimated. Furthermore, angu-
lar selection for the observed magnetic ¢eld should
be taken into account, because we observed only a
part of the broad lines extending from gV3 to 1.5
¢eld positions. This selection would be given over the
spectrum with a Gaussian probability function cen-
tered at the resonance ¢eld,
GBB3B0Oexp3B3B0=vB2 3
where B is calculated by the following equation for
the resonance ¢eld of gobLB0, for a given magnetic
¢eld orientation of (a,P) in the principal coordinate
system of the electron spin,
gobLB0  gxsina cosP 2  gysina sinP 2
gzcosa 21=2LB 4
and vB is the width determined by the linewidth at
the gz position and pulse amplitude. The distance
between the spins can be calculated using a point-
dipole approximation:
D0  g1g2L 2=hr3 5
where r is the distance between the spin species.
For oriented membranes, cosa in Eq. 2 is the func-
tion of (a0,P0) the direction of the distance vector r,
and the magnetic ¢eld direction (aB,PB) relative to
the membrane normal n as given by [16,17].
cosa  cosa 0cosa B  sina 0sina BcosP B3P 0 6
In reality the oriented membrane has some distri-
bution of orientations relative to the plane of a mylar
sheet. This distribution is converted to that of the
magnetic ¢eld direction aB relative to the membrane
normal with the root mean square deviation, kGv a 2Bf,
and expressed by a Gaussian distribution. Eq. 1
should be also averaged over (aB, PB) as given by
GVd 0; a BforiO
Z Z
0
Z 2Z
0
Z B02
B01
Vd 0; a dP3P 0GBB3B0Ga3a Bsina da dB
7
B01 and B02 are the lowest and highest ¢eld posi-
tions of Cyt b559 EPR spectrum.
For a non-oriented sample, the same Eq. 7 with
G(a3aB) = 1 (the same probability for all orienta-
tions) will be used for simulation to derive the dis-
tance r.
Fig. 2. cw EPR spectra of YcD before illumination (A), Q
3
A and
YcD after illumination (B), and Q
3
A (C), subtraction (B)3(A), re-
spectively, observed at 77 K with g = 2.0045 and the peak-to-
peak width about 9 G in non-oriented Zn2-PSIIRC mem-
branes. Q3A and Y
c
D in Zn
2-PSIIRC were trapped by illumina-
tion at 273 K for 8 min, followed by dark adaptation for 3 min
and freezing into 77 K. EPR conditions: microwave frequency,
9.35 GHz; microwave power, 0.25 WW; ¢eld modulation fre-
quency, 100 kHz; ¢eld modulation amplitude, 3.2 G.
Fig. 1. The pulse sequence used in ELDOR measurement. The
¢rst and the third pulses with m.w. frequency g1 produce a
spin echo signal V(d) at the time 2d. The second pulse with a
frequency g2 applied at dP yields an oscillating time pro¢le
V(d,dP).
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3. Results
The non-oriented sample was illuminated at 273 K
for 8 min, followed by dark adaptation for 3 min to
make YcZ decay and freezing into 77 K to trap Y
c
D
and Q3A. Fig. 2A shows cw EPR spectra of Zn
2-
PSIIRC (core complex) before illumination that in-
dicates only YcD spectrum. Fig. 2B shows the cw EPR
spectra observed at 77 K in the illuminated sample in
which YcD and Q
3
A spectra are overlapped. The spec-
trum C indicates the Q3A signal obtained by subtrac-
tion of A from B which coincides with the spectrum
of Q3A in Zn
2-PSIIRC reduced with DTN [15].
Fig. 3 shows ¢eld-sweep ESE spectra observed in
the illuminated sample of the oriented Zn2-PSIIRC
at the angles aB of 90‡ (1) and 0‡ (2). The spin echo
of Q3A signal overlapped with Y
c
D was observed as a
narrow line at the center ¢eld. Cyt b559 signal was
already produced by auto-oxidation under aerobic
condition. The spin echo at gy = 2.19 signal of Cyt
b559 was overlapped with that of Cu
2 at g = 2.24 due
to cavity background.
Fig. 4 shows the dependence of the primary ESE
amplitude on dP, measured for Cyt b559YcD paramag-
netic pair (Fig. 4A) and with trapped Cyt b559Y
c
DQ
3
A
paramagnetic centers after illumination (Fig. 4B) in a
non-oriented Zn2-PSIIRC. The weak high-fre-
quency oscillations shown in Fig. 4A arise not
from the ELDOR between Cyt b559 and Y
c
D but
from the hyper¢ne interactions of matrix protons
of YcD [17]. However, Y
c
D does not a¡ect the electron
spin echo of Cyt b559, because there is no remarkable
low frequency oscillation in Fig. 4A, which indicates
the distance between Cyt b559 and YD is estimated to
be more than 50 Aî .
In Fig. 4B one period of the low frequency oscil-
lation gives about 0.89 MHz, which can be assigned
to the dipolar interaction between Cyt b559-Q
3
A pair.
As p is an adjustable parameter for the amplitude of
the oscillation, the best ¢t value of D0 with experi-
mental ESE traces can be found in simulations of
ESE traces on Eq. 7. In this simulation, the values
of gx = 1.46, gy = 2.19, gz = 3.01 [30] and vB = 50 G
[31] were used for contribution of Cyt b559 to ESE
Fig. 4. The dependence of the primary ESE amplitude on dP,
measured in the non-oriented membrane of Zn2-PSIIRC with
dark-adapted Cyt b559Y
c
D paramagnetic pair (A) and Zn
2-
PSIIRC with trapped Cyt b559Y
c
DQ
3
A paramagnetic centers after
illumination (B). Experimental conditions: temperature, 6 K;
B0 = 3486 Gauss, g1 = 9.61 GHz at c and g2 = 9.72 GHz for ex-
citation of the signals corresponding to a, respectively; d= 1200
ns. The pulse widths are 16, 24 and 24 ns as shown in Fig. 1.
The repetition time is 50 ms to avoid saturation of Q3A signal.
The error in distance was obtained by simulation, where the
value of distance þ 1 Aî looks to produce appreciable deviations
from the centers of experimental pro¢les as drawn in broken
curves.
Fig. 3. A ¢eld-sweep ESE spectrum observed at the angles aB
of 90‡ (1) and 0‡ (2) in oriented Zn2-PSIIRC membranes. Cyt
b559Y
c
DQ
3
A centers were trapped by illumination at 273 K for
8 min, followed by dark adaptation for 3 min and freezing into
77 K. Cyt b559 was already oxidized under aerobic condition.
The spin echo of Q3A signal overlapped Y
c
D was observed at (a).
Cyt b559 EPR signal has a peak at gy = 2.19 that is overlapped
by the background due to Cu2 at 2.24 (b). The magnetic ¢eld
was ¢xed at c, corresponding to g = 1.98. Experimental condi-
tions: temperature, 6 K; d= 200 ns; microwave frequency
g1 = 9.61 GHz. The pulse widths are 16 and 24 ns, which pro-
vide the spin rotation angles of approximately 90‡ and 180‡, re-
spectively.
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spectrum at g = 1.98. From Eq. 5 the distance was
calculated to be 40 þ 1 Aî .
The ELDOR traces were recorded for the illumi-
nated Zn2-PSIIRC at the orientations with aB = 0‡,
30‡, 60‡ and 90‡, which are shown in Fig. 5. The
setting angles were determined with the YcD signals
for 0‡ and 90‡ [31]. The spectral shapes and frequen-
cies depend on the magnetic ¢eld orientations, be-
cause various di¡erent frequencies contribute to the
ESE traces with di¡erent ratios. Assuming the distri-
bution of the magnetic ¢eld directions kGva 2Bf  15
[17] and using the value of D0 determined from the
non-oriented particles, simulations of ESE traces us-
ing Eq. 7 on variable parameter of a0 gave the visu-
ally best ¢t with experimental data points. The angle
a0 between the membrane normal and the vector
joining Cyt b559 and Q
3
A was determined to be
80 þ 5‡. Furthermore, 25% of the curve shown in
Fig. 4B for non-oriented particles was added to the
simulated values for all observed angles to ¢nd better
¢tting, as carried out in [17].
The error ranges were qualitatively determined
from the drawing in Fig. 4B and 5(1). The error on
the orientation of the distance vector a0 depends on
deviations of the membrane normal and the magnetic
¢eld orientations. Both distributions together were
expressed as kGv a 2Bf which could usually be deter-
mined from simulations, so that the simulation
curves ¢t well with experimental data for all orienta-
tions. In every case of membrane orientation, we
have found kGva 2Bfw15‡.
4. Discussion
Cyt b559 has been suggested to have its heme plane
perpendicular to the thylakoid membrane plane
Fig. 6. Two possible positions for the heme of Cyt b559 in
PSIIRC estimated by simulations for Figs. 4 and 5. The length
of the thylakoid membrane-spanning region is supposed to be
V40 Aî [38,40]. The QA is supposed to be located close to the
stromal side, while YD was suggested to be 20 Aî away from
the lumen side of the thylakoid membrane [12]. The length of
the lipid polar head-group region has led to a model in which
the trans-membrane dimension of PS II without the extrinsic
polypeptides is 56 Aî [12,41].
Fig. 5. Open circles, the ESE traces recorded in Zn2-PSIIRC
trapped Cyt b559 Y
c
DQ
3
A paramagnetic centers for the orienta-
tions with aB = 0‡ (1), 30‡ (2), 60‡ (3) and 90‡ (4), respectively.
The orientations were identi¢ed by the ¢eld-sweep ESE of YcD
signals [30]. The solid lines are calculated using Eq. 7 for the
dipole interaction constants D0 = 0.89 MHz and a0 = 80‡ and as-
suming 25% of non-oriented parts of the membranes as in [17].
Experimental conditions are the same as in Fig. 4. The error in
angle determination was obtained by means of ¢tting, where
the values þ 5‡ look to produce remarkable deviations from the
centers of the experimental data points as shown by dotted
curves for aB = 0‡.
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[31,32,33]. The gy = 2.19 signal in Fig. 3 shows the
maximum intensity when the membrane plane is per-
pendicular to the magnetic ¢eld as reported by Ruth-
erford [31]. The heme of Cyt b559 is expected to be
located nearby the stromal side of thylakoid mem-
brane because of the locations of histidine residues
bound to the heme-iron between K and L subunits
[5,34]. The ligands to the heme of Cyt b559 are His-22
of K subunit and His-22 of L subunit [8]. Each histi-
dine is located on the 5th amino acid from the amino
terminal of each K-helix if the amino acid residues in
the membrane spanning K-helix are from Tyr-18 to
Tyr-43 and from Trp-18 to Gln-42 for K and L sub-
units, respectively [8]. In a normal K-helix the length
of one amino acid residue along the helix axis is
1.5 Aî , so that the histidines should be about 7.5 Aî
from the stromal side of the thylakoid membranes
[8].
Tae et al. showed that the amino terminus of the
K subunit is located on the stromal side and that the
carboxyl terminus is on the lumenal side by protease
digestion [35] and additional evidence supporting this
orientation is provided by immuno-gold labeling and
electron microscopy experiments [36]. Furthermore,
Tae et al. suggested that the amino terminus of the
L subunit is also located on the stromal side [37].
His-215 of D2 protein, which is expected to make
a hydrogen bond with QA, is the seventh amino acid
of the ‘D helix’ from the stromal side, if ‘D helix’
spans from Pro-196 to Asn-221 [2]. The distance of
QA from the stromal side of the hydrophobic region
of thylakoid is expected to be less than 10.5 Aî , be-
cause other amino acids (Ala-261 and Trp-254 in D2)
are proposed to interact with QA are in ‘D^E loop’
between ‘D helix’ and ‘E helix’ which probably pro-
trude into the stroma [2]. Shuvalov estimated the
distance between QA and the surface of thylakoid
to be about 9 Aî [38]. If the heme of Cyt b559 is
located close to the stromal side, the vector from
QA to Cyt b559 is expected to be approximately par-
allel to the membrane plane. The distance between
QA and Cyt b559 was determined to be 40 þ 1 Aî for
non-oriented PS II particles. In the membrane ori-
ented PS II particles this angle was determined to be
80 þ 5‡ using the determined value of distance.
The result suggests that the distance between the
heme of Cyt b559 and the stromal side of the thyla-
koid membrane is 0.6 þ 4.0 Aî or 14 þ 4.0 Aî (Fig. 6),
because there are no ways to discriminate the vectors
directing upside and downside of the membrane
plane. The former location agrees with the estimation
according to the amino acid sequences of the single
membrane-spanning regions of K and L subunits of
Cyt b559. On the other hand, the latter is in favor of
explaining the redox property of the heme of Cyt b559
that can be photo-reduced by the acceptor side and
photooxidized by the donor side [6,14]. Either of
these results support the idea that the heme of Cyt
b559 is, if anything, on the stromal side of the thyla-
koid membrane.
In Fig. 6 two possible locations for Cyt b559 are
shown based on the above consideration. However,
the position of QA relative to the membrane surface
has not yet been correctly determined. In Rhodo-
bacter sphaeroides R-26, QA is suggested to be lo-
cated close to the membrane surface on the stromal
side [39]. This suggestion also agrees with the derived
position of YD [12] and the previous determination
of the relative position of QA [15,25]. If the distance
between Cyt b559 and another radical, e.g., Chl

Z ,
could be determined, or if the correct distance of
QA from the membrane surface is determined, the
location of Cyt b559 will be ¢xed.
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